Because of the remarkable features, including biocompatibility and biodegradability, DNA origami nanostructures have drawn much attention as ideal carriers for drug delivery. However, the cellular uptake of DNA origami nanostructures was a passive targeting process, resulting in limited therapeutic effect. To address this problem, we anchored the aptamer C2NP (Apt) on rectangular DNA origami nanostructures (RE) to enhance the tumor targeting properties and anticancer effects of doxorubicin (DOX). Apt was anchored onto RE with low or high density (RE-4Apt, RE-16Apt), followed by incubation with DOX to obtain DOX@RE-4Apt and DOX@RE-16Apt. The results showed that DOX@RE-4Apt and DOX@RE-16Apt exhibited excellent biocompatibility and targeting ability, as well as a synergic biological effect with chemotherapy on cancer therapy. More importantly, after conjugation with RE, the bioactivity of Apt was significantly increased. These results revealed that Apt anchored DNA nanostructures not only are potential carriers for precise therapy, but also supply a strategy to enhance the bioactivity of aptamers.
Introduction
Recently, DNA origami nanostructures have witnessed a rapid development since the concept was rst proposed by Seeman.
1
With a versatile and "one-pot" method, Rothemund made another contribution to DNA nanotechnology. In his work, different two-dimensional shapes of DNA nanostructures, such as rectangles and pentagrams, have been constructed through rational design. 2 The scaffold DNA (long single stranded DNA) can be easily folded into a nanoscale by hundreds of staples (short single stranded DNA). This simple single-step method makes fantastic nanomaterials via DNA origami.
Up to now, proteins, peptides, and nanoparticles have been site-specically anchored on DNA origami based on noncovalent or covalent bonds, demonstrating that DNA origami nanostructures exhibit a powerful role in microarrays. [3] [4] [5] [6] [7] 22 Furthermore, DNA nanostructures as a type of biomaterial show natural properties, including superb stability, excellent biocompatibility, and biodegradability. These remarkable features have made the DNA nanostructure an ideal carrier for cell culture study and in vivo study. 8 For example, Liedl's group used DNA origami nanostructures as carriers for CpG oligonucleotides to study immunostimulation in mammalian cells.
9 In Mikkila's study, DNA origami nanostructures were coated with virus capsid proteins by electrostatic interaction for enhancing intracellular delivery. 10 Church's group designed a hollow DNA nanorobot with a smart gate keeper system to deliver antibodies for tissue culture.
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Instead of such complex nanorobots, DNA base-pairs based simple nanostructures are seen as alternative carriers for doxorubicin (DOX) since DOX could insert into the DNA double helix by hydrogen bonds between the amino group of DOX and the cytosine of DNA. [12] [13] [14] Recently, several groups have used DNA origami nanostructures to deliver DOX for anticancer therapy. [15] [16] [17] However, since they lack ligands, DNA origami nanostructures showed a passive tumor targeting process, the result of which was that little DOX was effectively delivered to the therapeutic target sites. To address this problem, a possible solution is to modify DNA nanostructures with some ligands which can specically recognize cancer cell markers.
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C2NP (Apt), a novel DNA aptamer, was selected by systematic evolution of ligands by exponential enrichment (SELEX) and exhibited high affinity to the CD30 cell marker. 19 Apt has been utilized as a probe for tumor imaging, with high sensitivity and a long-lasting signal. 20 Aer binding to CD30 receptors, the downstream signalling will be activated, inducing the apoptosis of T-cell lymphoma cells. 21 Based on the fact that Apt is a DNA aptamer with 31 nucleotides in length, Apt could easily be conjugated to DNA origami nanostructures by hybridization method or designing a staple strand which contains the Apt sequence. 23 However, up to now, little attention has been paid on Apt modied DNA origami nanostructures for targeting delivery and gene therapy.
In our present work, Apt mediated tumor targeted and gene therapy systems were developed. Apt was anchored onto DNA origami nanostructures with different densities and the anticancer drug DOX was loaded for chemotherapy. A human anaplastic large cell lymphoma cell line (K299) which overexpress CD30 receptors, was chosen for the targeting study. Additionally, the mechanism and bioactivity of Apt and Apt-RE were explored. Our results showed that the DNA nanocarriers constructed in this work exhibited chemotherapy of DOX and biotherapy of Apt concurrently. The bioactivity of Apt was signicantly increased aer conjugation to DNA nanostructures.
Materials and methods

Materials
M13mp18 was purchased from New England Biolabs. K299 cells (a human anaplastic large cell lymphoma cell line) were obtained from CoBioer (Nanjing, China). Single stranded DNA was synthesized by BIONEER (Daejeon, Korea). Agarose was supplied by Biowest (Nuaillé, France). Fetal bovine serum (FBS) was purchased from BI (Kibbutz, Israel). All other agents and chemicals were obtained from Solarbio (Beijing, China). All these commercial chemicals and agents were used without any modication.
Preparation of DNA origami nanostructures
Rectangular DNA origami nanostructures (RE) were assembled following Rothmund's method. Briey, scaffold strands (M13mp18) and stable strands were mixed in water at a molar ratio of 1 : 10 in a PCR tube. Then folding buffer (nal concentration: Tris base 10 mM, EDTA 5 mM, magnesium acetate 12.5 mM) was introduced into the system. Folding was carried out by cooling the system down from 95 C to 20 C slowly (0.016 C s À1 ) and maintaining at 20 C for another 20 s in a PCR Thermocycler (SENSO, Germany). To prepare 4 or 16 Apt conjugated DNA origami nanostructures (RE-4Apt and RE16Apt), the pre-targeting DNA origami nanostructures were rstly synthesized. Basically, stable strands in the designated sites were replaced with capture single stranded DNA (Fig. S1 †) . Aer follow the same procedure, the pre-targeting DNA origami nanostructures was obtained, followed by incubation with Apt overnight at room temperature. Biotin labelled Apt was used to obtain RE-4Apt@Biotin and RE-16Apt@Biotin for atomic force microscopy (AFM) analysis.
Characterization of DNA nanostructures
RE, RE-4Apt, and RE-16Apt were characterized by agarose (1%, m V À1 ) gel electrophoresis at 100 V for 60 min in an ice bath. In the preparation of the agarose gel, 2 mL of ethidium bromide (10 mg mL À1 ) was added for gel imaging (BIORAD, USA). Further characterization was carried out by AFM (Bruck, Germany). RE4Apt@Biotin and RE-16Apt@Biotin were rst puried by Microcon® Centrifugal lters (Merck, Germany), and the puried RE-4Apt@Biotin and RE-16Apt@Biotin were introduced onto two micas. Aer 5 min, streptavidin was dropped and incubated with RE-4Apt@Biotin and RE-16Apt@Biotin for several minutes, respectively. 21 The micas were washed with 1Â TAE buffer several times, followed by observation with AFM under liquid model.
Drug loading
Doxorubicin (DOX) was loaded into DNA origami nanostructures by incubating DOX$HCl solution with DNA origami nanostructures in the dark at room temperature.
14 To obtain the maximum DOX-loading, the amount of DOX initially added and the incubation time were optimized, respectively. In brief, various amounts of DOX (20 mL; 2000, 1000, 500, 100, 50, 25, 10, 5 mM) were incubated with DNA origami nanostructures (20 mL; 3.3 nM) for 6 h. Then the mixtures were centrifuged down at 12000 rpm for 10 min, followed by quantication using a microplate reader (BioTek, USA; l ex ¼ 485 nm, l em ¼ 591 nm). The incubation time was also varied from 1 h to 36 h to obtain the maximum DOX loading, and the loading capacity was measured by the same method.
The drug-loading capacity of DOX@RE was calculated by the differential measurement of the supernatant concentration, and the equation is as follow:
Stability evaluation
The stability of both RE and DOX were evaluated by incubating DOX@RE with cell culture medium in the dark at 37 C.
Samples were collected at different time points (1, 5, 8, 12, 24, 48, 72 h) and analyzed by agarose gel electrophoresis to study the stability of RE. The relative uorescence intensity was determined using microplate reader at set time points (0, 0.5, 1, 3, 8, 15, 24, 48, 72 h).
Drug release
Slide-A-Lyzer™ MINI Dialysis Devices (Thermo Fisher, Germany) were used to study the release of DOX from DOX@RE and DOX@RE-Apt in PBS (pH 5.0 and 7.4) at 37 C. Firstly, DOX@RE
and DOX@RE-Apt were separately suspended in folding buffer. Then suspensions (20 mL) of each were added to a dialysis device. At set time points (0. Cell inhibition rate ð%Þ
In vitro bioactivity of Apt
To evaluate the bioactivity of Apt, various amounts of free Apt, RE-4Apt, and RE-16Apt (Apt nal concentration: 16, 32, 64, 128 nM) were incubated with K299 cells for 72 h. The inhibition rate was determined by the same method. With respect to chemotherapy and biotherapy of drug loaded systems, different concentrations of DOX@RE, DOX@RE-4Apt, and DOX@RE-16Apt were treated with K299 for 48 h, using free DOX as a positive control. Proliferation was analyzed by CCK8.
Confocal laser scanning microscopy (CLSM)
5 Â 10 5 of K299 cells per well were seeded in 24-well plates overnight before being treated with DOX, DOX@RE, DOX@RE-4Apt, and DOX@RE-16Apt (nal concentration: RE: 4 nM, DOX: 2 mM). Aer incubation for 2 h, the uptake process was stopped by the addition of cold PBS to the plate. The cells were further washed 3 times with PBS to remove the redundant DOX or drug loaded systems. Subsequently, the cells were xed with 4% paraformaldehyde. Aer a wash with PBS, the cells were suspended in PBS and observed by CLSM (Nikon A1, Japan).
Cellular uptake
The cells were seeded in 24-well plates at a density of 5 Â 10 5 cells per well and incubated overnight at standard cell culture conditions. DOX, DOX@RE, DOX@RE-4Apt, and DOX@RE-16Apt (nal concentration: RE: 4 nM, DOX: 2 mM) were added and incubated for 2 h. Then, cellular uptake was stopped by introducing 1 mL of cold PBS to each well. The cells were washed with PBS for 3 times prior to ow cytometric analysis (BD FACSCanto II, USA).
Cell apoptosis and cell cycle
Cell apoptosis was evaluated by a double staining technology with an annexin V-FITC and propidium iodide (PI) kit. Typically, cells (2 Â 10 5 cells per mL, 2 mL per well) were seeded in 24-well plates and incubated at standard cell culture conditions overnight. 1 mL of upper cell culture medium was carefully removed and replaced by 1 mL of fresh cell culture medium containing DOX, DOX@RE, DOX@RE-4Apt, DOX@RE-16Apt, Apt, RE, RE-4Apt, or RE-16Apt (nal concentration: RE: 4 nM, DOX: 2 mM). The cells were collected and washed thrice with PBS aer incubation for 24 h. Aer that, the cells were suspended in 100 mL of binding buffer followed by treatment with FITC-Annexin V (5 mL, 5 min) and PI (5 mL, 10 min) in turn. Another 200 mL of binding buffer was added to dilute the cell mixtures before ow cytometric analysis. With respect to cell cycle analysis, cells were collected and xed with 70% of ethanol at 4 C overnight. Following the washing step (PBS 3Â), the cells were treated with 100 mL of Rnase A at 37 C for 30 min. Then, 200 mL of PI solution was introduced to stain the cells for another 30 min. The cells were analyzed by ow cytometry.
Reactive oxygen species (ROS)
ROS in tumor cells were analyzed by a reactive oxygen species assay kit. Briey, cells were seeded in a 24-well plate and treated with DOX, DOX@RE, DOX@RE-4Apt, DOX@RE-16Apt, Apt, RE, RE-4Apt, or RE-16Apt (nal concentration: RE: 4 nM, DOX: 2 mM). Aer incubation for 24 h, the cells were collected and washed 3 times with PBS. Subsequently, the cells were suspended in 500 mL of cell culture medium (without FBS) containing DCFH-DA at a concentration of 10 mM. For the positive control group, an additional 10 mL of Rosup was added. The cells were incubated under standard conditions for 25 min and washed several times with cell culture medium (without FBS) and PBS before ow cytometric analysis.
Statistical analysis
All data was expressed as the mean AE SD. The results of ow cytometric analysis were performed by Flow Jo soware. All experiments in this study were conducted at least in triplicate.
Results and discussion
Construction and characterization of DNA origami nanostructures
Aptamer C2NP anchored DNA origami nanostructures were designed and constructed in this work (Scheme 1). The list of DNA sequences used in this paper are shown in Table S1 . † With the help of staples, M13mp18 was folded into a rectangle shape by Rothmund's method. 2 The edged staples were removed to avoid coupling between the DNA origami nanostructures which was caused by the U-U accumulation effect of the DNA bases.
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The different densities of Apt were precisely anchored onto the top of the DNA origami nanostructures by the hybridization method with V-shaped structures (RE-4Apt, RE-16Apt). 20 On one hand, Apt anchored RE could help DOX loaded carriers get into cells effectively, enhancing the anticancer activity of DOX. On the other hand, because Apt could induce cell apoptosis, DOX loaded and Apt anchored RE can exhibit synergic biological effects with chemotherapy on anticancer therapy.
The correct folding of DNA origami nanostructures was characterized by agarose gel electrophoresis and AFM. As shown in Fig. 1A , lane 3 shows a bright band between 6000 bp and 8000 bp which was tted to the designated size of RE. Electrophoretic mobility of RE-4Apt was similar with RE, but much faster than RE-16Apt, indicating the successful conjugation of Apt.
The high affinity of biotin-streptavidin coupling was used to make the aptamer conjugated DNA origami nanostructures be easily observed by AFM. Fig. 1B and C exhibit details about the morphology of the DNA origami nanostructures (size: 90 nm Â 60 nm). Because of their exible properties, the aptamer could Scheme 1 Schematic illustration of targeting DNA origami nanostructures for biotherapy and chemotherapy. Aptamer C2NP were anchored on the top of DNA nanostructures with different densities (RE-4Apt, RE-16Apt). On one hand, aptamer C2NP can help DOX loaded DNA origami nanostructures (DOX@RE-4Apt, DOX@RE-16Apt) get into cells effectively, enhancing the anticancer activity of DOX. On the other hand, C2NP can induce cell apoptosis, exhibiting synergic biological effect with chemotherapy on cancer therapy. be wrapped into RE or pushed onto the other side of RE, making a less conjugated aptamer visible. Insufficient interactions between biotin and streptavidin was another reason for the fewer numbers.
Drug loading, stability and release
DOX could be intercalated into the DNA duplex with the help of hydrogen bonds between the amino group of DOX and the cytosine of DNA. 13 Based on this feature, DNA nanostructures could be used as carriers to deliver DOX to living cells in vitro or in vivo. With respect to RE, DOX was loaded into RE by incubating them in the dark at room temperature. Maximum drug loading was obtained when 50 mM of DOX was incubated with 3.3 nM of RE (one DOX molecule per base pair).
With respect to drug efficacy, the ability to release the drugs from their carriers is an important property. Drug burst release, usually caused by the structural damage of carriers, would shorten the half-life of drugs and show local or systemic toxicity. 21, 24 To avoid DOX burst release caused by damage to the DNA origami nanostructure, the stability of DOX@RE was evaluated in cell culture medium before further study. As shown in Fig. 2A , DOX@RE maintained its structure at least 72 h in a cell culture medium containing 5% FBS. At the same time, the relative stability of DOX was signicantly increased (Fig. 2B) . DOX could easily diffuse into the surrounding environment which exhibited a lesser DOX concentration. 17 Compared with free DOX, DOX release from DOX@RE or DOX@RE-Apt showed a controlled and slower release property at different pH values. The release properties of DOX from RE or RE-Apt showed no differences at pH 7.0, while much more DOX defused into the surroundings at pH 5.5 than at pH 7.4 at the same time point (Fig. 2C) , exhibiting that the acid conditions slightly accelerate the release of DOX. This is probably because acid might accelerate the degradation of the DNA origami nanostructures or weaken the hydrogen bonds between DOX and the DNA strands. These results showed that DNA origami based DOX delivery system was valuable for further anticancer study.
In vitro anticancer activity
In vitro anticancer activity of DOX@RE, DOX@RE-4Apt, and DOX@RE-16Apt were evaluated on K299 cells. To determine the cytotoxicity of the buffer and DNA materials, the folding buffer and RE were incubated with K299 cells, respectively. According to Table S2 , † both folding buffer and RE had no signicant effects on the cell inhibition rate at the concentration used in the following studies. Fig. 3 shows the cell inhibition rates of DOX, DOX@RE, DOX@RE-4Apt, and DOX@RE-16Apt. Each group showed a greater inhibition rate with a greater DOX concentration and longer incubation time. As shown in Fig. 2B , the relative stability of DOX was increased aer being loaded into DNA origami nanostructure. DOX loaded into RE, RE-4Apt, and RE16Apt revealed much greater cytotoxicity than free DOX at the same concentration and at the same incubation time. Compared with DOX@RE, DOX@RE-4Apt and DOX@RE-16Apt exhibited much stronger anticancer effects in vitro. Furthermore, the inhibition rate of DOX@RE-16Apt was much greater than DOX@RE-4Apt.
The results demonstrated that aptamer conjugated RE enhanced the anticancer activity of DOX. The anticancer activity was further increased when additional Apt was modied onto DNA origami nanostructure. This is probably because DOX@RE-16Apt recognized cells easily, and was taken up effectively by activating more receptors simultaneously. Apt was selected by SELEX as a ligand to CD30. The activated CD30 would regulate the downstream signal pathway, resulting in cancer cell apoptosis. It was also reported that aer incubation with serum at 37 C for 24 h, Apt still maintained its ability to bind CD30. 19 However, biotherapy of aptamer usually occurred aer 72 h of treatment with cells at a high concentration. 26 To evaluate if DNA origami carriers effected the bioactivity of Apt, K299 cells were treated with different concentrations of Apt, RE-4Apt, RE-16Apt. The results in Fig. 4A show that the bioactivities of Apt were enhanced with increasing concentration. At the same concentration, RE-4Apt and RE-16Apt resulted in an increase of inhibition rate, indicating that RE-4Apt and RE-16Apt enhanced the anticancer activity of Apt. The possible reason was that the stability of aptamer was increased in these two carriers. 27 At the same concentration, more Apt maintain their activity in RE-4Apt and RE-16Apt groups. Compared with RE-4Apt and RE-16Apt, DOX@RE-4Apt and DOX@RE-16Apt further increased the inhibition rate, indicating that these carriers achieved chemotherapy and biotherapy simultaneously (Fig. 4B-D) .
Cellular uptake
CLSM was performed to explore the cellular uptake of DOX@RE, DOX@RE-4Apt and DOX@RE-16Apt. As shown in Fig. 5A , the DOX signal in cells was detected aer incubation with DOX@RE, DOX@RE-4Apt, and DOX@RE-16Apt for 4 h, indicating that DOX was successfully delivered into cells. Compared with the free DOX group, the DOX@RE group showed a brighter red uorescence, probably due to the increased stability of DOX loaded into the RE carriers. In other words, at the same concentration of DOX, much more DOX could be effectively delivered into cells in the DOX@RE group. Besides, the signal of DOX was much stronger in the DOX@RE-4Apt group and the strongest in the DOX@RE-16Apt group. With the help of Apt, more DOX@RE-4Apt and DOX@RE-16Apt entered into cells by CD30 mediated endocytosis, 28 especially in DOX@RE-16Apt which contained a high density of Apt. These results were further proved by ow cytometric analysis (Fig. 5B) . The DOX level in the DOX@RE-16Apt group was the greatest (56.84%) while still much greater in the DOX@RE-4Apt (30.23%) and the DOX@RE (26.84%) groups, demonstrating that Apt promoted the cellular uptake of DOX, and that a high density of Apt exhibited an advantage in this process.
Mechanism of cell inhibition
It is generally known that the anticancer activity of DOX is achieved by inhibiting topoisomerase II and resulting in DNA damage. 29 Previous research has shown that DOX effected cell apoptosis, cell cycle and the intracellular ROS level. With respect to Apt, publications indicated that Apt activated CD30, resulting in cell apoptosis. However, more details are still unclear. In this paper, cell apoptosis, cell cycle, and ROS were analysed to understand the possible cell inhibition mechanism of Apt and whether the nanocarriers constructed in this study could enhance the activity of DOX or not. According to Fig. 6A , Apt, RE-4Apt and RE-16Apt enhanced early apoptosis. With the help of DOX, cell apoptosis was signicantly increased in the DOX@RE, DOX@RE-4Apt and DOX@RE-16Apt group. Cell cycle results (Fig. 6B) showed that Apt increased cell arrest in the G2 phase slightly while DOX loaded RE systems enhanced the G2 phase arrest signicantly.
ROS play an important role in both normal bioactivities and abnormal pathological processes. On one hand, increased ROS stress could enhance cell proliferation. On the other hand, high levels of ROS would cause DNA damage and result in cell apoptosis. 30 As shown in Fig. 6C , the intracellular level of ROS was increased aer treatment with DOX, which agreed with the report that DOX could induce ROS generation in cancer cells. 31 Interestingly, Apt also showed the ability to cause great levels of ROS, while RE alone had no signicant inuence on ROS. Compared with Apt, the RE-4Apt and RE-16Apt groups exhibited merits in increasing intracellular ROS. ROS was further upregulated in the DOX@RE, DOX@RE-4Apt and DOX@RE-16Apt groups. Fig. 6 indicates that Apt exhibited anticancer activity by enhancing early apoptosis and upregulating ROS levels. With the help of anticancer drug, DOX, cell apoptosis, cell cycle arrest and ROS were enhanced, revealing that DNA nanocarriers constructed in this study were more efficacious because of the synergistic effect of DOX and Apt.
Conclusion
For the rst time aptamer C2NP was modied onto DNA origami nanostructures for a targeting drug delivery system. Apt enhanced the anticancer activity of DOX loaded DNA origami delivery systems, especially in the high density and closely positioned system (DOX@RE-16Apt). Besides, high concentrations of Apt induced additional cell apoptosis, cycle arrest in the G2 phase and high levels of ROS. Aer conjugation with DNA nanostructures, the bioactivity of Apt was signicantly increased. What's more, DNA nanocarriers constructed in this work exhibited chemotherapy of DOX and biotherapy of Apt simultaneously. This work conrms that the DNA nanostructure is a promising carrier, not only for drugs, but also for aptamers. The controllable site immobilization of ligands and high drug loading capacity make DNA origami nanostructures a powerful carrier for drug delivery and a novel approach for the precise treatment against tumors. Apt anchored DNA nanostructures also supply a strategy to enhance the bioactivity of Apt itself.
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